Enrichment cultures were used to determine the conditions promoting fastest methanogenic propionate degradation and growth by adapting the cultures to various physical and chemical conditions and measuring the specific growth rate. We found that the fastest growth of propionate oxidizers occurred at pH 6.8 to 8.5 and 32 to 45°C. Acetate-degrading populations showed narrower optima for fastest growth (pH 6.8 to 7.2 and 37 to 43°C). Enrichment cultures grew as well in minimal medium as in complex medium, although individual microbial populations appeared to require growth factors which could be met by cross-feeding.
Propionate is a quantitatively important methanogenic intermediate in anaerobic digestors, accounting for more CH4 than any other volatile organic acid except acetic acid (2, 9) . Although the propionate concentration is usually low, its turnover is rapid (about once per hour) (3) . Thus, inhibition of propionate degradation may result in a sudden increase in concentration, which may be toxic (6) . When the propionate concentration in a digestor increases, the growth of propionate-oxidizing bacteria such as Syntrophobacter wolinii may increase in response. However, because of the very slow growth rates of such organisms (4) , rates of propionate oxidation may increase only very slowly.
Propionate is catabolized anaerobically by its oxidation to acetate and C02; the electrons generated by this oxidation are disposed of by the reduction of protons to form H2 as a catabolic product. This H2 is oxidized by C02-reducing methanogens (4) . Thus, for propionate oxidation to take place in digestors, two catabolic reactions involving H2 must occur: H2 production from propionate and methanogenesis from H2 and CO2. These reactions are simultaneously exergonic only over a narrow range of H2 concentrations (1.5 to 106 nM, or 0.2 to 14.2 Pa, in a well-studied animalwaste digestor [2, 3] ); this range of H2 concentrations is similar to the concentration found in the propionate enrichment cultures reported herein. This maintenance of H2 concentrations in propionate enrichment cultures provides a convenient ecosystem for the study of other reactions, such as acetate degradation, which may be affected by H2 pressure (5) . In this study, we examined propionate oxidation and methanogenesis from acetate under various conditions by observing propionate enrichment cultures adapted to those conditions. In this way we have determined the optimum pH, medium composition, and temperature for propionate oxidation.
( were maintained by incubation until propionate oxidation was complete and then transferring 5 ml of culture to 5 ml of fresh medium. Completion of propionate oxidation was routinely determined by monitoring CH4 production; we occasionally verified this by analysis of volatile organic acids. Initially, the medium described below was supplemented with 0.2 g of yeast extract and 0.2 g of Trypticase peptone (BBL Microbiology Systems, Cockeysville, Md.) per liter. Such enrichment cultures were used as inocula for experiments to determine the effect of yeast extract and Trypticase peptone on the growth rate. Inocula for all other experiments were late-logarithmic-phase enrichment cultures maintained on medium without yeast extract and Trypticase peptone.
Determination of specific growth rate. The rate of growth of cultures was determined from daily measurements of CH4 production during each of four successive culture transfers. Because of the large inocula, it was important to add the CH4 produced by the inocula during growth to the CH4 produced during experiments when determining specific growth rates (10) . Specific growth rates calculated in this way correlated well with the rates determined by monitoring propionate degradation or by time required between transfers of cultures. In all cases, growth rates were determined only after cultures were maintained under a specific set of culture conditions for four to five transfers.
Media and culture conditions. Modifications (1) (2) . CH4 was analyzed by gas chromatography and thermal conductivity detection (2) . H2 gas was separated by gas chromatography in an RGD2 reduction gas detector (Trace Analytical, Menlo Park, Calif. Effect of pH. We tested the growth rate of propionate enrichment cultures which were adapted to growth in media of various pHs (Fig. 1) . At pH 8.4 and above and 6.0 and below, propionate degradation was more rapid than acetate degradation; acetate accumulated during propionate degradation and was degraded after extended incubation. The growth rates of these propionate-oxidizing cultures were measured by transfer as soon as the propionate was gone. In separate cultures, the growth rate of the acetate-degrading organisms was determined by transferring only when both propionate and acetate were gone.
Although the cultures were buffered with bicarbonate, there was some change in pH during growth, especially at higher pHs. The initial pH and the pH at the end of growth were measured; the changes were very close to the values calculated by assuming that HCOI--CO2 was the predominant buffer (7). We calculated the average pH (i.e., minus the log of the geometric mean of the H+ concentration) during incubation ( Fig. 1) The original culture used to inoculate medium at various pHs was maintained at pH 7.2. Because of the large carryover, the pH of the culture gradually approached the new pH value during the first few transfers. This gradual change in pH was accompanied by a gradual change in growth rate. Later we repeated the shift in pH, but we eliminated the effect of the carryover on the culture pH by adjusting the pH 7.2 inoculum to the new pH before the first transfer. This time the growth rate of the enrichment culture on the first transfer at the new pH value was the same as that of the previous culture after four transfers. Thus, based solely on growth rate, there was no discernible adaptation of the enrichment culture to a different pH. Likewise, when cultures adapted to pH 7.9 or 6.4 were switched back to pH 7.2, only one transfer was necessary before growth resumed at the rate typical for cultures at pH 7.2. We also studied the effect of pH on an acetate enrichment culture derived from the propionate enrichment culture. The effects of pH in adapted acetate enrichment cultures reflected the data for acetate degradation in propionate enrichment cultures, but growth was slightly more rapid at neutral pH.
Effect of temperature. Enrichment cultures at pH 7.2 were gradually shifted to various temperatures, and the growth rates at these temperatures were measured. We increased temperature in steps of 3 to 5°C; after several successive transfers at each temperature, we measured the growth rate. The optimum temperature was between 37 and 42°C (Fig. 2) (10 weeks). The propionate-oxidizing culture at 45°C was the only one in this study which showed adaptation: the growth rate after 13 transfers (p. = 0.0046 h-') was about 15% more rapid than the growth rate immediately after the temperature shift from 42 to 45°C. When we shifted this culture back to 42°C, the growth rate was also temporarily decreased by about 15% compared with the adapted growth rate at that temperature. When an adapted culture at 45°C was shifted to 50°C, it did not grow well. In each of two separate experiments, after a temperature shift from 45 to 50°C methanogenesis and propionate degradation were accompanied by a smaller increase in turbidity than in other cultures. With each successive transfer, cultures also took longer to degrade propionate and less turbidity was present when the propionate was gone. The time required for propionate degradation to acetate and CH4 was 8 days on the first transfer, but the second required 16 days and the third 77 days. Because after each successive 50% transfer the time required for degradation was at least twice as long as after the previous transfer, it appeared that there was no net growth of propionate-oxidizing cultures during incubation at 500C.
Effect of formate addition on propionate degradation. When 20 mM formate was added to the pH 7.2 culture 3 days after transfer, propionate degradation was severely inhibited. Formate caused the H2 pressure to increase to 177 Pa. Two days after its addition, H2 levels returned to normal and propionate degradation resumed. When 20 mM formate was added on each subsequent day, the inhibition was less, perhaps because the number of H2-oxidizing methanogenic bacteria increased and the formate was more rapidly removed. The highest observed H2 pressure was also less (78 Pa) after continued formate additions.
Effect of acetate on propionate degradation. In enrichment cultures growing in medium with the pH near 7 and at 37 to 42°C, propionate was completely degraded to CH4 and CO2. Acetate normally did not accumulate and remained at less than 0.7 mM. By the end of batch growth, the acetate concentration was undetectably low. At the highest and lowest pHs tested and at nonoptimum temperatures, acetate accumulated. To test whether accumulated acetate inhibited propionate degradation, we added 20 mM acetate to a propionate enrichment culture; the time required for the culture to reduce the concentration of propionate to 0 was 0.10I increased by 2 days, whereas 20 mM NaCl had no effect. Thus, an elevated acetate concentration had a moderate inhibitory effect on the propionate-oxidizing bacteria.
Time course of propionate degradation. The quantities of propionate, acetate, H2, and CH4 present during growth at 37°C on propionate are presented in Fig. 3 . At pH 7.2 and 7.8, acetate was produced as a product of propionate degradation. At pH 7.2 (Fig. 3A) , the acetate concentration increased to about 0.5 mM, but acetate did not accumulate further, apparently because it was degraded by aceticlastic bacteria. However, some cultures at nonoptimal conditions were transferred as soon as the propionate was exhausted (Fig. 3B) . Aceticlastic bacteria eventually were diluted from the culture, and acetate accumulated because it was not degraded (Fig. 3B) . H2 pressure was very low in all of these enrichment cultures (9.09 + 3.88 Pa, n = 144), except those at 50°C. These cultures grew very slowly and had a higher H2 pressure (18 Pa).
Microbial populations. The bacteria present in enrichment cultures were observed microscopically by phase-contrast and autoepifluorescence microscopy (i.e, no fluorescent dye was used, but we observed organisms fluorescing when they were exposed to light at 420 nm). All enrichment cultures which degraded propionate contained rod-shaped bacteria similar in appearance to S. wolinii (4) . All We also found that addition of organic compounds (yeast extract and Trypticase peptone) had little or no effect on the growth rate of this enrichment culture. However, our data indicated that interspecies feeding of some growth factors occurred.
Anaerobic digestion is a potentially unstable process because of the slow growth rates of the fatty acid-degrading and methanogenic bacteria growing in mixed populations with the potentially fast-growing acid-producing chemoheterotrophic bacteria. An imbalance in the populations may result from a sudden influx of fermentable substrates and result in a lower pH because of rapid organic acid production. If the pH change is sufficiently drastic, digestor failure may occur. Our data indicate that the pH range for good growth of syntrophic, propionate-oxidizing bacteria (pH 6.8 to 7.95) is higher and broader than that for aceticlastic methanogens. However, both populations grew better in slightly alkaline rather than acidic conditions. Thus, operation of digestors at higher pHs may result in more stable operation.
